1. Introduction
===============

Specific learning disorder is a group of learning ability defects, which refers to the delay in the development of children\'s learning ability such as reading, spelling and calculation in the early and school age.^\[[@R1]\]^ It is shown that reading accuracy and comprehension, spelling and word ability, basic calculation ability of these children are lower than typically development children of the same age.^\[[@R2]\]^ Clinical classification of specific learning disorder was mainly divided into dyslexia, disorder of written expression and mathematics disorder according to diagnostic and statistical manual of mental disorders, fifth edition (DSM-5).^\[[@R3]\]^ Dyslexia is the most common type, accounting for more than 80%, and the incidence rate in school-age children is about 5% to 15%.^\[[@R4]\]^ The prevalence rate of dyslexia is high, and once children have dyslexia, their behavior, cognition, emotion, social adaptation and other aspects will be affected, seriously hindering children\'s access to knowledge and improvement of ability.

Dyslexia is related to the development of central nervous system and has a neurobiological basis. Neuroanatomic studies indicated that the heterotopia of neurons in patients with reading disorder lead to the disorder of neuronal sequencing and changes of brain nerve channels, affecting the overall brain function.^\[[@R5]\]^ Some studies have also found that the frontal lobes of the dyslexic patients have been changed; the frontal lobes, angular gyrus, temporo-parietal junction and cerebellum have abnormal activity in multiple brain regions, and the left hemisphere is not activated enough when performing the reading task.^\[[@R6]--[@R8]\]^ Meng et al performed functional imaging studies and found that the activated brain regions of Chinese dyslexia children were different from normal children in performing line rhyme task, and that phonological expression of dyslexia children was relatively intact, but the voice operation was abnormal and damaged, which might be due to the reduction or defect of neuronal connections between left superior temporal gyrus and left occipital medial temporal in the process or formation of language or expression.^\[[@R9]\]^ Molecular genetics studies have found that chromosomes 15, 6, 2, 3, and 1 are closely related to dyslexia, and the studies on loci of chromosomes 15 and 6 have been repeated in many independent experiments.^\[[@R10],[@R11]\]^ Different theoretical assumptions are proposed in the cognitive defect theory of dyslexia, which is mainly made up of the defect theory of speech processing,^\[[@R12]\]^ the defect theory of rapid hearing processing,^\[[@R13]\]^ the visual processing theory and the cerebellar theory.^\[[@R14],[@R15]\]^

Researches of dyslexia mainly focus on brain function, neuroanatomy and neuropsychology, while the research on neuroendocrine is rarely reported. The hypothalamic-pituitary-adrenal gland (HPA axis) is an important part of the human neuroendocrine system. HPA axis plays a key role in maintaining homeostasis and quickly adapting to the environment, and plays an important role in individual emotional regulation, behavior control and cognitive functions. We hypothesize the HPA axis may play important roles in the development of dyslexia. Cortisol is the main end product of the HPA axis, and its secretion level and daily rhythm can directly reflect the activity and function of the HPA axis, which is a key biological marker to study the HPA axis. Previous studies suggested HPA axis was closely related to diseases such as attention deficit hyperactivity disorder (ADHD), and cortisol played an important role in ADHD.^\[[@R16]--[@R18]\]^ Other studies have found that dyslexia and ADHD are comorbid, and the co-morbidity rate is up to 18%.^\[[@R19],[@R20]\]^ Therefore, the HPA axis may also have a certain relationship with dyslexia, while there is a lack of research on this topic at present.

Melatonin (MT), a hormone mainly synthesized and secreted by brain pineal gland, is widely distributed in central and peripheral tissues, and has functions of maintaining circadian rhythm, promoting sleep, protecting nerves and regulating endocrine.^\[[@R21]\]^ MT is closely related to cognitive function and emotional regulation and has a regulating effect on HPA axis.^\[[@R22]\]^ MT administration inhibited the development of ADHD phenomena and their related response in an NC/Nga atopic-like mouse model.^\[[@R23]\]^ MT has a certain inhibitory effect on the stress response, and can alleviate the damage caused by acute and chronic stress by regulating the HPA axis. MT can ameliorate cognitive memory by regulation of cyclic adenosine mono phosphate-response element-binding protein expression and the anti-inflammatory response in posttraumatic stress disorder.^\[[@R24]\]^ Due to the important role of MT in cognitive memory, behavior and emotional regulation, regulating the HPA axis, it may also play a role in dyslexia, which lack of studies to confirm.

Therefore, it is of great significance to study the secretion levels of cortisol and MT and their rhythmicity in children with dyslexia, and further explore the correlation between activity and functional status of HPA axis and dyslexia, so as to reveal the possible pathogenesis of dyslexia. In this study, saliva samples were collected from dyslexic and normal children, and cortisol and MT levels were measured to explore the relationships between cortisol, MT secretion levels, their rhythmicity, and dyslexia.

2. Methods
==========

2.1. Subjects
-------------

This is a case-control designed study based on previous dyslexia screening in primary school children. Dyslexic children were screened out from the epidemiological survey of school age children in Shantou city of China and diagnosed as dyslexia according to the diagnostic criteria of DSM-5.^\[[@R3]\]^ The 3-staged screening process for the diagnosis of dyslexic children is shown in Figure [1](#F1){ref-type="fig"}. For patients who meet the inclusion criteria according to DSM-5, general characteristics information was collected after signing the informed consent by the students or their guardians; and then relevant tests such as the dyslexia behavior scale and children\'s reading ability scale were conducted by specially trained psychiatrists. The healthy children group came from Shantou public primary school, and the non-dyslexic children who volunteered to participate in the study were included. Similarly, the trained psychiatrists conducted the scale of dyslexia behavior and the children\'s reading ability scale to these children. This survey was approved by the ethics committee of Shantou University Medical College and written informed consents were obtained from participants and guardians prior to the study after detailed explanation of the study to the parents and teachers.

![Flowchart of the 3-staged screening process of diagnosis for dyslexic children.](medi-99-e19098-g001){#F1}

2.2. Saliva sample collection
-----------------------------

With the discovery of cortisol level between saliva and serum, the collection and detection of saliva have been more widely used. Salivary cortisol has a good correlation with blood cortisol^\[[@R25],[@R26]\]^ (*R* = 0.712, *P* \< .001), and can well reflect the level of bioactive free cortisol in blood.^\[[@R27]\]^ The concentration of MT in saliva is also related to the concentration in blood, which can accurately reflect the change of human MT concentration and the change of circadian rhythm.^\[[@R28],[@R29]\]^ Saliva collection is convenient, and has the advantages of being painless, non-invasive and non-stimulating as compared with blood sample collection, which can avoid the instantaneous physiological and biochemical reactions caused by stimulus factors.

Before sample collection, parents and the children were instructed the following notes: do not eat within 1 hour; do not brush teeth and do not drink water within 10 minutes. The collection time is from 07:30 to 8:30, 15:30 to 16:30, and 21:30 to 22:30.

Saliva collection was performed using salivette and the process is as follows: the cotton sliver of the salivette was taken out and put in the sublingual of the students about 3 to 5 minutes, and then put back to the salivette, stored in the refrigerator (0 -- 4°C) within 30 minutes. The samples were centrifuged at 3000 rpm for 15 minutes. After the centrifugal saliva flow through a small tube below holes to the bottom of the saliva salivette, about 3 mL (at least 1.5 mL) saliva was collected. The centrifugal saliva was stored at -20°C refrigerator within 4 hours, and for further laboratory analysis. Subjects who were exposed to blood pollution such as bleeding gums were excluded because cortisol levels in the blood are often much higher than salivary cortisol levels.

2.3. Saliva cortisol and MTanalyses
-----------------------------------

Salivary cortisol and MT concentrations were detected using commercial enzyme-linked immunosorbent assays kits for cortisol (Cat No.: CEA462Ge, Cloud-Clone Corp.) and MT (Cat No.: CEA908Ge, Cloud-Clone Corp.), were purchased from Cloud-Clone Corp. Wuhan (Wuhan, China). Aliquots of each saliva sample were used for the assessment of cortisol and MT based on the instructions of the producer (Cloud Clone, Houston). All measurements in this work were carried out with at least 2 replicates by the same researcher. Intra- and inter- assay coefficients of variation (CV) of salivary cortisol were 4% and 6%, respectively, and levels were expressed as ng/ml. Average intra-and inter-assay CV of MT were less than 2.5%, levels were expressed as pg/mL. In this study, all the saliva samples could be determined for cortisol and MT concentrations, which were above the limit of detection.

2.4. Statistical methods
------------------------

Categorical data were presented as numbers of samples and percentages (%), while continuous data were presented in the form of mean with standard deviation, or median with inter-quartile range (*P*~25~-*P*~75~). Normal distribution tests of the data were verified using Kolmogorov-Smirnov and Shapiro-Wilk statistics. For comparing general characteristics, independent sample *t* test was used for continuous variables, and chi-square test or Fisher exact test for categorical data. Non-normal distribution data were compared between groups by using Mann-Whitney *U* test. All the statistical analyses and graphing involved use of SPSS23.0 software (SPSS Inc., Chicago, IL), and GraphPad Prism 7 (GraphPad Software, Inc., CA). A 2 side of *P* \< .05 was considered as statistically significant.

3. Results
==========

3.1. General characteristics of the participants
------------------------------------------------

The general information of the research subjects is shown in Table [1](#T1){ref-type="table"}. A total of 72 cases were enrolled in the dyslexia group, with 51 (70.8%) boys; and 72 typically development children were recruited as the control group, with 48 (66.7%) boys. The students were aged from 9 to 12 years, with 10.09 ± 1.45 in the dyslexia group, and 10.52 ± 1.24 in the control group. There were no age or sex differences between these 2 groups.

###### 

General characteristics of the participants.

![](medi-99-e19098-g002)

Considering the possible effects of sleeping on hormone secretion, we investigated the sleep conditions of children in the 2 groups, including the difficulty of falling asleep, the amount time of sleep at each night, and possible sleep problems. The results suggested that there was no significant difference in total sleep time between the 2 groups, but dyslexic children took longer time to fall asleep than normal children and had more sleep problems (Table [1](#T1){ref-type="table"}).

3.2. Cortisol levels in dyslexia and control groups
---------------------------------------------------

Cortisol levels in the dyslexia group and the control group were shown in Table [2](#T2){ref-type="table"}. The differences between dyslexia and control groups at different time points (morning, afternoon and night) were analyzed with the non-parametric tests due to heterogeneity of variance and the skew distribution of the data. Saliva cortisol levels in dyslexic children were all lower in the morning, afternoon and evening than in normal children (all *P* \< .001).

###### 

Cortisol and melatonin levels (median, *P*~25~-*P*~75~) between dyslexia and control groups in the morning, afternoon, and night.
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3.3. MT levels in dyslexia and control groups
---------------------------------------------

The results of MT levels in the dyslexia group and the control group were also presented in Table [2](#T2){ref-type="table"}. Due to the non-normal distribution of the data, the differences of MT levels between dyslexia and control groups at different time points were analyzed with the nonparametric tests. Regardless of in the morning, at afternoon or at night, the levels of saliva MT in children with dyslexia were lower than those in the normal group (Table [2](#T2){ref-type="table"}, all *P* \< .01).

3.4. Circadian rhythm variation of cortisol and MT levels in dyslexia children
------------------------------------------------------------------------------

Both cortisol and MT have circadian rhythm in normal physiological state. Cortisol is higher in the morning while MT is higher in the evening, so comparing the circadian rhythm of them is of great significance. It can be seen from Figure [2](#F2){ref-type="fig"} that there are obvious circadian rhythms variation trend of both cortisol and MT in normal children, with higher in daytime and lower at night for cortisol, and lower in daytime and higher at night for MT. However, the circadian rhythms variation was disappeared in dyslexia children, whether for cortisol or melatonin (Figure [2](#F2){ref-type="fig"}).

![Cortisol and melatonin levels variation trend in the morning, afternoon, and night between dyslexia and control groups. (A) Cortisol level; (B) Melatonin level. Error bars stands for 95% confidence internal (95%CI). CI = confidence internal.](medi-99-e19098-g004){#F2}

4. Discussion
=============

Dyslexia is the most common type of specific learning disorders, accounting for more than 80%. Dyslexia can have a great impact on children\'s cognitive function and emotion, which is affected by neuroendocrine factors. The results of this study showed that the saliva cortisol and MT levels of dyslexic children were decreased as compared to typically development children, and the circadian rhythms of them were destroyed. Due to the impaired regulation function on HPA axis, the reduced cortisol and MT and their inordinate rhythm may play a role in promoting the development of dyslexia.

4.1. Cortisol and dyslexia
--------------------------

The cortisol secretion is regulated by HPA axis, and present day high/night low circadian rhythms. Salivary cortisol has been selected as reliable noninvasive biomarkers for HPA axis function in other study previously.^\[[@R16]\]^ Cortisol enters the saliva by passively diffusing through salivary gland somatic cells, therefore the main salivary cortisol is free cortisol with biological activity. Studies have shown that the level of salivary cortisol is well consistent with the level of free cortisol in the blood.^\[[@R30]\]^

Up to now, there has been scarcely study on salivary cortisol and dyslexia. But in a previous study concerning on children autism, a significant relationship was found between salivary cortisol level and impairments in social interaction and verbal language.^\[[@R31]\]^ The results of this study show that salivary cortisol levels in dyslexic children were lower than those in normal children regardless of morning, afternoon or night, indicating the injury of HPA axis. Significantly higher or lower daily secretion of cortisol than normal value, or the disappeared circadian rhythm may affect individuals' physical health, behavioral problems, cognitive ability and emotion. Previous studies have shown that children with behavioral problems were associated with baseline cortisol change, and that those with introverted behavior problems had higher baseline cortisol, while those with explicit behavior problems had lower baseline cortisol.^\[[@R32]\]^ Researchers found that children with ADHD showed low response to stress, and their cortisol level was lower than normal children, suggesting that low response of HPA axis is closely related to the core symptoms of ADHD.^\[[@R33]\]^ In addition to reading and writing difficulties, dyslexic children are often accompanied by overt behaviors such as hyperactivity and impulsive behavior, difficulty in paying attention, which may be also associated with low cortisol levels. Dyslexia has been found as comorbid of ADHD,^\[[@R19],[@R20]\]^ cortisol may play an important role in dyslexia, similar as its effects on ADHD.

This study also found that the circadian rhythm (day high and night low) of cortisol in the dyslexic children disappeared, which also revealed from another perspective that the dyslexic children had the disorder of HPA axis activity and function. The rhythmicity of cortisol plays an important role in promoting the normal physiological function of HPA axis. Its rhythm is not only affected by external factors such as sleep and season, but also by stress factors such as mental, psychology or physical status. The pressure faced by dyslexic children is persistent. Their academic achievement is usually low due to learning difficulties, and their parents and teachers do not understand the requirements for learning pressure. Moreover, children with dyslexia often suffer from peer discrimination in the group, which will bring long-term and chronic pressure on them. Psychosocial stress during childhood and adolescence is associated with alterations in the HPA axis, which is implicated in poor health.^\[[@R34]\]^

Moderate stress exposure may initially cause HPA axis activity increase, but when the pressure continues existing, long-term overloaded work can reduce the flexibility and adjusting role of HPA axis, leading to disorders of the activities. HPA axis disorder may result in reduced cortisol secretion and disappeared rhythm. In turn, changes in cortisol further disrupt the function of the HPA axis, leading to changes in cognition and behavior. Previous studies have also confirmed that neuropsychiatric diseases such as depression, anxiety, stress and hyperactivity disorder are closely related to the dysfunction of the HPA axis,^\[[@R35],[@R36]\]^ the dysfunction of the HPA axis may be also associated with dyslexia.

4.2. MT and dyslexia
--------------------

MT is a kind of indoline neurohormone secreted by the pineal gland, widely distributed in the central and peripheral tissues. MT is involved in various regulatory processes through autocrine and paracrine effects, such as biorhythm, sleep, antiinflammatory, antioxidant, mood, metabolism and reproduction.^\[[@R37]--[@R40]\]^ A large number of studies indicated that MT played nerve protective effects in the pathological process of convulsion brain damage, ischemic hypoxic brain damage, neurodegenerative diseases,^\[[@R41]--[@R43]\]^ probably by regulating the neurotransmitter activity or receptor binding with neurotransmitter to exert nerve protective effect. Therefore, MT is considered as a potential way for brain damage interventions. Under normal physiological state, the secretion of MT is mainly affected by the external environment such as light, which has a rhythmical nature of low day and high night. It is generally believed that the level of MT starts to gradually increase around 21:00-22:00[pm]{.smallcaps} after sleeping, reaches the peak at 0:00-3:00 in the morning, and then gradually decreases, and the secretion peak stops at 7:00-9:00 [am]{.smallcaps}.^\[[@R44]\]^

The present study found that the salivary MT in dyslexic children was lower than that of the normal children, and the rhythm of day low/night high disappeared. The decrease of MT level and the disappearance of circadian rhythm may have an impact on functional changes of the HPA axis, thus affecting its cognitive function. Some studies suggest that MT can regulate HPA axis function, and the low level of MT and rhythmic change will reduce the regulating function and further affect the activity of HPA axis and its function.^\[[@R45],[@R46]\]^ Changes in MT secretion rhythm are also seen in other various mental disorders, especially mood disorders.^\[[@R47],[@R48]\]^ Studies showed that the depression level of students with dyslexia was 10% to 15% higher than that of normal students.^\[[@R49]\]^ Students with learning difficulties also report higher academic anxiety, stress, tension, depression, and helplessness. Compared with normal students, students with dyslexia report lower academic achievement, effort involvement, self-efficacy, and sense of belonging, but higher feelings of loneliness and negative emotions.^\[[@R29],[@R50],[@R51]\]^ Prolonged chronic stress will also cause the diurnal rhythm imbalance of MT secretion. The dyslexic children in this study are primary students from grade 3 to 6, their academic achievement has been in a low level all the time, which has not been recognized as dyslexia before accepting the dyslexia screening in our stage I study. They are being in the status of not recognition and understanding for long period, bearing great pressure of study and psychology, which are prone to emotional problems, and further lead to low MT secretion level and circadian rhythm disorder, promote cognitive impairment. As a neuroendocrine hormone, MT is involved in stress response. Detanico et al^\[[@R52]\]^ gave a certain amount of MT treatment to chronic stress mice, which can reduce the elevated level of corticosterone to the normal level and reverse the depressive behavior. By abdominal injection of MT to HPA axis suppression rat induced by corticosterone, the plasma adrenocorticotropic hormone and corticosterone levels are rising, which indicates that exogenous MT can improve the HPA axis suppression state.^\[[@R53]\]^

### 4.2.1. Strengths and limitations

Saliva collection has the advantages of convenient, painless, noninvasive and nonstimulating, which can avoid instantaneous physiological and biochemical reactions caused by stimulus factors. Salivary cortisol and MT levels are independent of saliva flow, so measurement of salivary cortisol and MT level is not affected by individual differences in saliva flow. In addition, saliva has the advantage of continuous collection, which is suitable for dynamic monitoring the change of cortisol and MT levels with rhythmical secretion characteristics. Also, there are some limitations existed in this study. Relatively small sample size may limit the deduction from the results. Another limitation of our study is that we were unable to adjust for other saliva biochemical indexes. We have not yet performed intervention and prospective follow up. However, this study firstly evaluated the relationships between cortisol, MT levels and dyslexia, which provide some clues for further researches. In addition, further mechanism explorations are imminently needed based on these findings.

5. Conclusions
==============

The levels of salivary cortisol and MT in children with dyslexia were lower than normal children, and the circadian rhythm of their secretion disappeared, indicating the imbalance of activity and function impairment of HPA axis. HPA axis dysfunction may play an important role in the pathogenesis of dyslexia, but its mechanism has not been defined yet currently and needs to be further studied. Salivary cortisol and MT levels may be used as a reference for early diagnosis of dyslexia and as an indicator of therapeutic effect.
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